Abstract. Irrigation ponds on nine golf courses in southern Nevada were monitored for water quality over a 1600-day period. Three of the golf courses were fresh water courses, three were courses scheduled to transition to reuse water during the study period and three were long term users of reuse water. Such results indicate that signifi cant attention must be given to irrigation strategies used on reuse irrigated golf courses to properly manage for higher nitrogen and salt loads. able water resources. This growth has also led to the generation of increasing amounts of treated sewage effl uent and the potential development of such water (reuse water). In times of drought, residents may signifi cantly decrease outdoor water use but they continue to fl ush toilets, take showers and wash clothes (Kasperson and Kasperson, 1977) . In some communities, reuse water is viewed as a reliable and valuable source of water. However, the quality of reuse water can limit its use. Reuse water quality varies directly with the quality of potable water available to each community and the level of treatment it receives. For example, Colorado River water used as potable water by many Las Vegas Valley residents has a similar salt load (EC 0.9 dS·m -1
·yr
-1 on long term reuse courses (long term signifi cantly different at p = 0.05). Such results indicate that signifi cant attention must be given to irrigation strategies used on reuse irrigated golf courses to properly manage for higher nitrogen and salt loads. able water resources. This growth has also led to the generation of increasing amounts of treated sewage effl uent and the potential development of such water (reuse water). In times of drought, residents may signifi cantly decrease outdoor water use but they continue to fl ush toilets, take showers and wash clothes (Kasperson and Kasperson, 1977) . In some communities, reuse water is viewed as a reliable and valuable source of water. However, the quality of reuse water can limit its use. Reuse water quality varies directly with the quality of potable water available to each community and the level of treatment it receives. For example, Colorado River water used as potable water by many Las Vegas Valley residents has a similar salt load (EC 0.9 dS·m -1 ) to reuse water discharged in some California (e.g., Whittier) (EC 0.9 dS·m -1 ). Using reuse water for irrigation has a long history of success in both rural and urban communities [Kasperson and Kasperson, 1977 ; U.S. Environmental Protection Agency (USEPA); 1992, U.S. Golf Association (USGA), 1994]. In the urban setting, many communities have irrigated golf courses, street medians, schools and parks with reuse water (Hayes et al., 1990; USEPA, 1992; USGA, 1994) . In Las Vegas Valley, which obtains 86% of its water from the Colorado River, many golf courses are being mandated to switch to reuse water for irrigation purposes (Las Vegas VWD, 2004) . In most cases, the current cost of this water has been priced similarly to potable water. Superintendents have voiced concerns over the hidden costs of using reuse water on golf courses; especially the impact it has on mixed landscapes, long term salt balances in soil profi les and the decline in water quality of irrigation ponds and water features (Devitt et al. 2004) . In response to these concerns, a fi ve year study was conducted in the Las Vegas Valley, located in Clark County Nevada, to monitor golf courses that either irrigated with reuse water, fresh water, or transitioned to reuse water. Results from monitoring the water quality in golf course irrigation ponds and the implications of salt and nitrogen loading on golf course fairways will be discussed.
Materials and Methods
A reuse study was initiated in 2000 on nine golf courses located in the Las Vegas Valley; three long-term reuse courses (designated as B, L, and W), three fresh water courses (designated as P, R, and T) and three courses identifi ed to transition to reuse water during the monitoring period (designated as A, C, and S). However, because the Colorado River basin is experiencing an extended drought, two of the fresh water courses (R and T) also transitioned during the latter part of this study. A pond on golf course "S" was designated to become a reuse irrigation pond once transition occurred, however, management decided to maintain it solely as a water feature pond. Reuse water for ponds B and L originated from the City of Henderson Wastewater Treatment Plant, whereas pond W received reuse water that originated from the Clark County Advanced Wastewater Treatment Facility. Two new satellite treatment plants, built in developing areas of the Valley, became available in 2002 (5 and 10 × 10 6 gal/d plants). However, the volume treated and discharged during this study was never great enough to meet irrigation demand except during winter months (A, C, R, S, and T). During spring, summer and fall months all of these irrigation ponds received a blend of reuse water and Colorado River water. Golf course irrigation pond W had been receiving reuse water for >40 years. The pond liner was in poor condition allowing shallow saline groundwater to enter and blend with the treated reuse water.
Water quality in irrigation ponds was monitored monthly over a period of 1600 d. Parameters monitored with depth included temperature and oxygen (model 95/50 FT; YSI, Population growth in arid southwestern communities in the U.S. coupled with an extended drought has placed increased pressure on avail-HORTSCIENCE 40 (7) Yellow Springs, Ohio) and clarity (secchi depth). Parameters monitored at the surface included algal chlorophyll concentration (Moss, 1967) , fecal coliform (Elmund et al., 1999) On 28 May 2002, all previously mentioned water quality parameters were monitored along with spectral refl ectance measured at the surface of all nine irrigation ponds using a hand held spectral radiometer (Unispec, PP Systems, Amesbury, Mass.). The Unispec acquires spectra from 400 to 1000 nm in 3.3 nm intervals. The resulting data were re-sampled to 1-nm intervals using a software package developed specifi cally to convert Unispec spectra into 1-nm bands (Multispec, Faiz Rahman, Ball State University, and John Gamon, California State University, Los Angeles). Spectral indices generated included SIPI (structure-insensitive pigment index (R800-R445)/(R800-R680) (Peñuelas et al., 1995) , CHL [chlorophyll index (R750-R705)/(R750+R705)], (Gamon and Surfus, 1999; Gitelson and Merzlyak, 1994) and NIR/Red (R705/R670) (Han and Rundquist, 1997) .
Water meters were installed on a fairway (hybrid bermudagrass) of each course (irrigation lateral) and monitored bimonthly. Pressure-volume-time curves were established for each fairway allowing meter readings to be converted to precipitation estimates. Data were analyzed using descriptive statistics, analysis of variance (ANOVA) and/or linear and multiple regression analysis. Multiple regressions were performed in a backward stepwise manner, with deletion of terms occurring when p values for the t test exceeded 0.05.
Results
General characteristics of all nine irrigation ponds are listed in Table 1 . Ponds varied in size from 0.26 to 1.13 ha and in depth from 1.63 to 9.14 m. Five ponds had sulfur burners and four had some form of aeration or circulation. Values for water quality parameters EC, pH, fecal coliform, NO 3 --N, PO 4 -P, and algal chlorophyll concentration are reported over the 1600-d monitoring period in Figs. 1-6, with separation based on golf courses using reuse water, transition from fresh to reuse water or fresh water.
Electrical conductivity (EC) . EC values in the fresh water pond and in ponds before reuse transition oscillated around 1.0 dS·m -1
. Long term reuse ponds oscillated near 2.0 dS·m -1 , with the exception of golf course W which had the pond liner problem mentioned in the materials and methods section. Figure 7 reveals the inverse relationship between irrigation volumes used on a monthly basis and the measured salinity level for three selected courses. In the case of pond W, irrigation volumes during winter months were low which led to a low turnover rate in the pond. Greater blending of shallow saline groundwater occurred during the winter months resulting in signifi cant EC spikes beyond the baseline EC value for reuse water discharged by the treatment plant (such results were used by the superintendent to convince management that new liners should be installed). This response contrasts with golf courses C and A (Fig. 7) . Golf course C revealed a fairly steady EC value that did not oscillate in response to irrigation volume and only increased when transition occurred on day 1308. Golf course A revealed steady EC values until transition occurred on day 534 and then EC oscillated inversely with irrigation volume. This oscillation was driven by the inability of the small satellite treatment plant to meet irrigation requirements during peak environmental demand periods. During winter months golf courses received 100% reuse water but during other months they received a blended amount. However, average EC values during the transition (blended) months were signifi cantly higher than the EC values measured during the pretransition period (p < 0.05, Table 2 ). Only in a few cases did EC values in the transition ponds approach EC values close to those reported for the reuse ponds but all clearly demonstrated a shift once reuse water was being delivered. Irrigation pond S was used as a water feature and no water was pumped out for irrigation purposes, thus average EC values were the highest of all ponds (2.63 ± 0.17 dS·m -1 ), refl ecting long term evapo-concentration of salts. Upon transition to reuse water, EC values in pond S increased above 3.0 dS·m -1 . pH. pH values in all irrigation ponds oscillated from month to month, with most ponds maintaining values at or above 8.0 (Fig. 2) . Pond A was the exception (only pond with 1600 day average below 8.0 at 7.70 ± 0.57), as the superintendent actively used his sulfur burner during the entire study period. pH values on the nine ponds were as low as 3.2 and as high as 10.1. Low pH values were always associated with golf courses that operated sulfur burners and values above 9.0 were always associated with reuse ponds (either long term reuse or after transition). Three of the four transitioning irrigation ponds (C, R, and T) showed a signifi cant rise (p < 0.05, Table 2) in pH after switching to reuse water.
Fecal coliform. Fecal coliform in reuse water discharged by the treatment plants always had a 30-d geometric mean <2.0 colony forming units (cfu) (1.03 + 0.26). However, average fecal coliform measured in the nine irrigation ponds was signifi cantly higher (p < 0.05) than the discharge values, with values as high as 800 cfu (pond C before transition) (Fig. 3 ). Higher cfu values were typically found in the fresh water ponds (C and S, average values of 95.1 and 85.3 cfu), which were always noted to have large avian populations (reuse pond W also was noted to have a high avian population, 64.8 cfu). No transitioning irrigation ponds showed a signifi cant rise (p < Fig. 1 . Electrical conductivity (dS·m -1 ) in irrigation ponds measured over the 1600-d monitoring period, separated based on fresh water courses (P), transition to reuse courses (A, T, S, C, and R) and long-term reuse courses (B, L, and W). . Once irrigation ponds transitioned to reuse water, NO 3 --N concentrations oscillated up and down based on blending rates, with highest concentrations occurring during winter months when 100% reuse water was delivered to the golf courses. All four transitioning irrigation ponds (A, C, R, and T) revealed a signifi cant rise (p < 0.05, -1 ). This rise in PO 4 -P concentration coincided with the removal of dense aquatic vegetation that dominated the entire irrigation pond. However, by day 420, aquatic vegetation had fully reestablished in the irrigation pond and PO 4 -P concentrations returned to low concentrations not typical of the other reuse ponds. All four transitioning irrigation ponds (A, C, R, and T) showed a signifi cant rise in PO 4 -P concentration after switching to reuse water (p < 0.05, Table 2 ).
Algal chlorophyll concentration. Algal chlorophyll concentrations (Fig. 6) were extremely low (<25 µg·L -1 ) in the sole long term fresh water irrigation pond (P). However in the reuse and transition ponds, values oscillated up toward 100 µg·L -1 and in the case of a few transitional ponds, increased in concentration beyond 200 µg·L -1 (A and T). The most dramatic changes over time occurred in the two ponds that had the earliest transition to reuse water (pond A on day 534, and pond T on day 695). Ponds R and C, which had less than a one year transition time revealed algal chlorophyll concentration increases of 110% and 224%, respectively. Whereas, Ponds T and A, which had greater than a 2-year transition time (2.47 and 2.92 years, respectively) revealed algal chlorophyll concentration increases of 547 and 864 %, respectively. Time after transition in years accounted for 94% of the variability in algal chlorophyll concentration when these four transition irrigation ponds were included (pond S not included because it was not an irrigation pond and because large quantities of colorant were added to this water feature pond).
Factors infl uencing pH, algal chlorophyll concentration, and clarity (secchi depth).
Stepwise regression analysis was used to assess which water quality parameters accounted for the greatest amount of variation in pH, algal chlorophyll concentration and secchi depth measurements. Table 3 reports the parameters selected and the associated R 2 values (only R 2 values >0.35 *** are reported). Attempts were made to merge all of the pond data whether it came from reuse ponds, fresh ponds or transitional ponds. However, in all cases, higher R 2 values were obtained when data sets were confi ned to each individual irrigation pond. We restricted the number of parameters in the regression equations to four by lowering the accepted p value, thus increasing the sample number to parameter ratio to minimize the chance of cocorrelation. In the case of pH, 6 of the 9 courses had R 2 values >0.35 ***
. The three ponds with the highest R 2 values, all had HCO 3 -concentration as a signifi cant factor (pH ↑ as HCO 3 -↑) In fact 4 of the 6 ponds listed in Table 3 included  HCO 3 -concentrations as a key parameter. Only ) in irrigation ponds measured over the 1600-d monitoring period, separated based on fresh water courses (P), transition to reuse courses (A, T, S, C, and R) and long-term reuse courses (B, L, and W).
3 irrigation ponds had signifi cant correlations (R 2 > 0.35***) between water quality parameters and algal chlorophyll concentrations. All three of these irrigation ponds were transitional ponds and no one parameter had commonality between ponds. Clarity measurements (secchi depth) had signifi cant correlations in 4 of the 9 irrigation ponds, with NO 3 --N being the only parameter selected in more than one regression analysis.
Spectral analysis. Spectral reflectance measurements (individual wavebands and spectral indices) were obtained on a single monitoring day in 2002. Because of the small data set, all data were merged (reuse, fresh and transition ponds) for regression analysis. Spectral signatures for ponds separated based on the presence of either two peaks at about 550 nm and 705 nm or the presence of only a single peak at 550 nm (data not shown). Table  4 reports the selected wavebands or indices that described the variation in pH, secchi depth and algal chlorophyll concentration. In the case of waveband regression analysis for secchi depth and algal chlorophyll concentration, all wave bands were log transformed. Wavebands at 402 nm, 670 nm and 705 nm accounted for 82% of the variation in the algal chlorophyll concentration, whereas the spectral index R705/R670 accounted for only 68% of the variation in the algal chlorophyll concentration (Table 4) . However, the R705/R670 spectral index revealed a two phase linear fi t with secchi depth, suggesting a threshold R705/R670 value of about 0.8 (Fig. 8) for the data collected in this experiment. It was interesting to note that irrigation pond W (long term reuse with heavy aquatic weeds) did not have an elevated 705R/R670 ratio (Fig. 8) and only lost clarity when the aquatic weeds were removed and PO 4 -P concentrations increased.
Nitrate nitrogen and salt load estimates for golf course fairways. Annual NO 3 --N and salt load estimates for each monitored fairway are reported in Tables 5 and 6 and one site for each treatment (reuse (L), fresh (P) and transition course (T)) was plotted in Fig. 9 for the entire 1600 day monitoring period. Since pond S was not used for irrigation purposes, no load estimates were made for this fairway. Table 5 ). However, the highest loadings were always reported on the long term reuse courses (B, L and W), irrigated with 100% reuse water. Courses that transitioned to reuse water (A, C, R, and T) and received a blended reuse supply of water that varied throughout the year, never approached the highest NO 3 --N loads that occurred on the long term reuse courses (B, L, and W). In fact, the average yearly NO 3 --N load on the fresh courses (fresh plus fresh ponds before transition) averaged 8. . This apparent contradiction can be explained by the summer time irrigation volumes that were typically below 25 cm·month -1 on reuse course W. Thus, most salt load occurred on all nine courses during peak summer months. 
Discussion
Based on the results of this study, golf courses that transition to reuse water in developing areas of southern Nevada can expect a delay in maximum salt loads of their irrigation water, since smaller treatment plants (satellite plants) in these areas cannot currently discharge adequate volumes of reuse water to meet 100% of the irrigation needs during peak demand months. Because these new satellite plants have been designed to bypass early morning salt loads contained in infl uent associated with residential water softeners (moving on to the main treatment plant), salt loads in reuse water should never be as high as that received on the long term reuse courses receiving reuse water from the main wastewater treatment plants (represented by B, L, and W). However, signifi cant changes in all water quality parameters can be expected when substituting reuse water for a potable source. In particular, comparing irrigation ponds (A, C, R, and T) before and after transition, indicated that on average, temperature increased by 25%, clarity decreased by 46%, EC increased by 53%, algal chlorophyll concentration increased by 436%, NO 3 --N concentration increased by 1025% and PO 4 -P concentration increased by 1045%. Such results indicate that with time, a clear decrease in water quality and a decline in aesthetic appearance of irrigation ponds should be expected. Based on the PO 4 -P-aquatic weed-clarity response noted on reuse course W, we believe controlling PO 4 -P concentrations will be essential in maintaining higher aesthetically pleasing irrigation ponds and water features.
The use of spectral refl ectance data to predict algal chlorophyll concentrations is well documented (Han and Rundquist, 1997) and in this study a strong threshold relationship was demonstrated between R705/R670 and clarity (secchi depth). It was also shown that the spectral index SIPI was correlated to both pH and secchi depth (Table 4 ). Higher SIPI values were associated with higher secchi depth measurements (increased clarity) and lower pH values. Lower R705/R670 ratios were also associated with lower pH values (R 2 = 0.78 *** ), suggesting that spectral data could possibly be used in developing a pH control strategy for improving overall pond clarity.
NO 3 --N and salt loading on golf courses irrigated with reuse water is significant. However, NO 3 --N loading in most cases is a positive attribute while salt loading is a negative attribute (Harivandi et al., 1992; Marcum and Murdoch, 1990 ) on long term reuse courses indicates that it is critical that such courses maintain adequate fi eld-based leaching fractions (Jensen, 1975) , high irrigation distribution uniformities (Leskys et al., 1999) , and minimize the overhead application of such water to mixed ornamental landscape species (Devitt et al., 2003 (Devitt et al., , 2005 Jordan et al., 2001; Quist et al., 1999) . The highest salt loading was associated with salinity sensor values (0 to 120 cm depth) as high as 40 dSm -1 (Lockett, personal communication), well in Table 2 . Water quality for irrigation ponds (A, C, R, and T) before and after transition to reuse water. excess of the threshold salinity value reported for bermudagrass (Dean et al.1996) Based on the work of Dean et al. (1996) it was determined that the I/ET o value for bermudagrass-ryegrass should not fall below a threshold value of 0.65 (saline conditions), which would translate into a theoretical leaching fraction of -0.09. Following the procedures of Jensen (1975) , and incorporating the -0.09 value into the predictive equations along with a uniformity coeffi cient of 0.85 for golf course irrigation systems in southern Nevada (Lockett, unpublished data), a fi eld-based leaching fraction of 0.25 would be predicted. Using this leaching fraction along with an actual ET estimated by Devitt et al. (1992) to minimize the area receiving the least amount of water. However, because of the extended drought in the Colorado River Basin, water allotments (for the entire golf course) below this threshold value are being recommended. Mandating golf courses to switch to reuse water and then setting water restrictions that may cause them to defi cit irrigate (assuming they maintain the same turf grass area) can lead to signifi cant soil profi le salinization. Short duration defi cit irrigations can be managed but long term defi cit irrigations with reuse water with salinity as high as 2.2 dS·m -1 can have a severe impact on growth and overall health of turf grass (Dean et al., 1996; Leskys et al., 1999) . Imposing similar water restrictions on fresh and reuse courses assumes that the two waters are of equal substitution value. In the case of Nevada, because of Colorado River return fl ow credits (Colorado River basin states receive credit for water (such as reuse water) returned to the Colorado river that originated from the Colorado River) the two waters have equal volume substitution value but the impacts on management practices and associated costs to golf courses indicates that they may not truly be equal and should be reevaluated based on water quality and the need to maintain adequate leaching fractions for proper salt balance. An alternative course of action would be to reduce the number of irrigated acres on the golf course, relandscape to lower the total landscape water requirement and/or implement management strategies to reduce water requirements, such as not over seeding, reducing N fertility and applying growth regulators. Maintaining a welldesigned salinity monitoring program will also be essential for golf courses that transition to reuse water, as salinity must be viewed as a silent threat worthy of our greatest attention.
